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Summary

Electrical resistivity (ER) measurements are a possible health monitoring technique for ceramic
matrix composite components in future aerospace applications. In order to use ER measurements to detect
and identify damage, it is necessary to understand how each specific damage state will affect the ER
response. In this report, finite element models are developed and applied to quantify the effect of specific
damage states on the ER response in a melt-infiltrated SiC fiber-reinforced SiC composite. The ER of
several damage states are calculated by simulating the electric current flow through the damaged
microstructure. This is achieved by performing the numerical solution of the steady-state conservation of
charge density equation. Numerical results reveal that cracking of the intertow matrix has the most
profound effect on the composite ER. Also, fiber/matrix debonding at matrix cracks in the 0° tows (tows
aligned with the loading direction) may cause a significant increase in the ER, but only if the fiber coating
resistivity is 1,000 Q-cm or less. Cracks in the 90° tows and the crack opening displacement have very
little effect on the composite ER.

Nomenclature

3D three-dimensional

5HS five-harness satin

A cross-sectional area of minicomposite; area of vertical boundary in two-dimensional
transverse flow model

Acc cross-sectional area of single concentric cylinder assemblage

CCA concentric cylinder assemblage

CMC ceramic matrix composite

COD crack opening displacement
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CVI chemical vapor infiltration

epi ends per inch

ER electrical resistivity

h unit cell height; ply thickness

I total electric current

i current density

Jx v Jz current density in x-, y-, and z-directions, respectively

L width of finite element mesh used to calculate tow transverse resistivity

Ml melt infiltration

N number of fibers in minicomposite

R resistance of minicomposite

Rec resistance of concentric cylinder assemblage

RSS residual sum of squares

\Y electric potential

AV imposed electric potential differential

w unit cell length and width; tow spacing

p electrical resistivity

P effective longitudinal resistivity of minicomposite; effective resistivity of composite
Pec effective longitudinal resistivity of concentric cylinder assemblage

Pi resistivity of constituent (fiber f, chemical-vapor-infiltrated matrix CVI, or boron nitride BN)
Pr effective transverse resistivity

Px, Py, Pz resistivity in x-, y-, and z-directions, respectively

c electrical conductivity
ox, Oy, 6z conductivity in x-, y-, and z-directions, respectively
O volume fraction of minicomposite constituent (fiber f, chemical-vapor-infiltrated matrix CVI,

and boron nitride BN)

1.0 Introduction

Ceramic matrix composites (CMCs) are an emerging class of materials that have been proposed for
many future high-temperature applications in the aerospace industry. Combustor liners, vanes, and mixers
in jet engines and thrust chambers for in-space propulsion are just a few examples of the many proposed
applications. In order to use CMCs in future aerospace applications, it will be necessary to develop a
means of monitoring the structural health of the CMC component. Cracking features such as type of
cracking (i.e., which constituents), extent of cracking, and crack density are all critical indicators of the
structural health and remaining life of CMC components.

Electrical resistivity (ER) measurements are one possible health monitoring technique (Smith,
Morscher, and Xia, 2008 and 2011; and Morscher and Gordon, 2017). The advantages of ER are that it is
simple to employ and it can be used to detect damage either in situ or postdamage. One shortcoming with
ER is that it is not an imaging technique, so it is not possible to discern the cracking features with an ER
reading alone. An increase in the ER merely indicates that some damage has occurred.
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In order to use ER measurements to detect and identify cracking features, one must first understand
how each specific damage state will affect the ER response. The objective of this report is to develop and
apply finite element models to quantify the effect of specific damage states on the ER response in a
specific CMC.

The ER is determined by simulating the electric current flow through the composite microstructure.
This is achieved by performing the numerical solution of the steady-state conservation of charge density
equation. The numerical solutions are performed using the COMSOL Multiphysics finite element
program (COMSOL, 2016). A representative volume of the composite, or repeating unit cell, is adopted
to represent the composite’s periodic microstructure. Finite element models of the unit cell are developed
and utilized to calculate the ER in a variety of damage states. The effect of certain cracking features such
as type of cracking, crack density, fiber/matrix debonding, and crack opening displacement are
investigated. The numerical solution results reveal which cracking features have a significant effect on the
composite ER and which features are insignificant.

The composite material that is the subject of this study consists of four constituents: fibers, a fiber
coating, an intratow matrix, and an intertow matrix. The fiber resistivity value was obtained from direct
measurements made previously (Smith, 2016). Resistivity of the intratow matrix and intertow matrix is
estimated through a comparison of previously obtained ER measurements to analytical and numerical
model results, respectively. A good estimate for the resistivity of the fiber coating is currently not
available. Numerical solutions are performed with a variety of fiber coating resistivity values to show the
effect of this parameter on the solution results. The ER of some or all of the composite constituents are
known to vary with temperature. However, this report is focused on the room-temperature response only.

2.0 Material Description and Microstructure Idealization

The composite material that will be the focus of this study is a Sylramic™-iBN (COI Ceramics, Inc.)
fiber-reinforced melt-infiltrated (M) silicon carbide (SiC) composite. The material is reinforced with a
five-harness satin (5HS) woven fabric, with a tow spacing of 6.7 ends per cm (17 ends per inch, epi).
Each tow contains 800 Sylramic™-iBN fibers with an average fiber radius of 5 um. The composite fiber
volume fraction is approximately 36 percent.

Composite fabrication involves multiple infiltration cycles. The fiber preform was first chemical vapor
infiltrated (CV1) with silicon-doped boron nitride (BN) to coat the fibers. The fiber coating thickness is
approximately 0.5 um. The coated fabric was then infiltrated with a layer of CVI SiC. Next, a room-
temperature slurry of SiC particles was infiltrated into the open porosity. Finally, liquid Si was absorbed into
much of the remaining porosity by means of Ml at a temperature near 1400 °C (DiCarlo, 2004 and Smith,
2016). Material processing was performed at GE Power Systems Composites (Newark, DE).

Figure 1 shows the composite microstructure. Two orthogonal groups of fiber tows are evident in the
photomicrograph: tows aligned with the loading direction and those aligned perpendicular to the loading
direction. The latter group of tows are also aligned normal to the image plane. Tows that are aligned with
the loading direction will herein be referred to as “0° tows,” and those aligned orthogonal to the loading
direction will be referred to as “90° tows.”

Note that the tows assume a nearly elliptic cross section. Microscopic examination reveals that the
nominal tow width is 1400 um and the nominal tow height is 120 um. The magnified view of a tow shows
the individual fibers surrounded by the BN fiber coating. The CVI SiC matrix occupies the spaces within the
tow, between the individual fibers. The volumes between the tows are occupied by a mixture of Ml Si and
SiC particles. This intertow matrix will herein be referred to as the “MI Si-SiC matrix.”
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Figure 2.—Repeating unit cell for Sylramic™-iBN (COI Ceramics, Inc.) melt-infiltrated SiC composite, where h is ply
thickness and w is average tow spacing. (a) With two full tows. (b) With one 0° tow and two 90° half tows.

The effects of damage on the composite ER will be assessed using a representative volume element
(or unit cell) of the composite. A unit cell is the smallest subvolume that contains a sufficient description
of the periodic microstructure and whose response is representative of the macroscopic behavior. A unit
cell of the material of interest is shown in Figure 2(a). It is a square prism consisting of two orthogonal
elliptical prisms (one on top of the other) with M1 Si-SiC matrix occupying the interstitial spaces. The
unit cell has height h, which is equal to one ply thickness, and length and width w, which is equal to the
tow spacing. The tow spacing for this material is w = 1,492 um (6.7 tows per centimeter), and a nominal
ply thickness is h = 250 um. The elliptical prisms represent the tows and, as such, possess the dimensions
1,400 by 120 by 1,492 um. An equivalent unit cell may be obtained by replacing the 90° tow with two
90° half tows (Figure 2(b)).

3.0 Electrical Resistivity Measurements and Constituent Values

A summary of the volume fractions and resistivity values of all the constituents are listed in Table I.
The volume fractions were obtained from Smith (2016). The volume fractions of the MI Si and the SiC
particles reported by Smith have been combined, since herein these two constituents are treated as a
mixture. Smith reported a total composite porosity of 4 percent. The 4-percent porosity has been evenly
distributed to the CVI SiC and MI Si-SiC matrix volume fractions to yield the volume fractions shown in
Table I.

Smith (2016) measured the resistivity of unstressed, undamaged composite specimens using the four-
point method. He also measured the resistivity of Sylramic™-iBN fibers in a similar manner. Smith
reported an average room-temperature resistivity of 0.0275 Q-cm for the undamaged composite and a
room temperature resistivity of 0.23 Q-cm for the Sylramic™-iBN fibers.
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TABLE I.—VOLUME FRACTIONS AND ROOM-TEMPERATURE
RESISTIVITY VALUES OF COMPOSITE CONSTITUENTS

Volume | Resistivity, Resistivity source
fraction Q-cm
Undamaged composite | - 0.0275 Smith (2016)
Y
Sylramict™iBN | 3¢ 0.23 Smith (2016)
fibers
Deduced from Hi-Nicalon™ Type S/CVI SiC
CVI1 SiC matrix 0.26 47 minicomposite electrical resistivity measurements by
Constituent? Almansour (2017).
BN fiber coating 007 10°to 10 E_xpanded range of values. Initial range obtained from
literature search.
MI S_l-SlC 031 000745 !Estlmated from finite element analysis results presented
matrix in Section 5.0.

aSylramic and Hi-Nicalon are trademarks of COI Ceramics, Inc.; CV1 is chemical vapor infiltration; and Ml is melt
infiltration.

The resistivities of the BN fiber coating, the CVI SiC matrix, and the M1 Si-SiC matrix have not been
measured. An estimate of the resistivity of the MI Si-SiC matrix was obtained through the analysis of the
current flow through the undamaged composite. This will be discussed in Section 5.0 of this report.

BN is generally considered a good electrical insulator. Typical resistivity values are in the range of
102 to 10%° Q-cm (Accuratus, 2013; Ceratec Technical Ceramics BV, 2018; and Precision Ceramics,
2018). However, much lower values have also been reported (see Bousetta, et al., 1996 and Aldalbahi,
Zhou, and Feng, 2015). The variation in the ER of BN is due to a number of factors including the
crystalline form, the crystallographic direction, and the presence of any dopants. Since the resistivity of
the BN fiber coating in this material is unknown, it will be treated as a variable in the following
discussions and numerical analysis solutions. In the event that the BN fiber coating resistivity falls
outside the range of BN resistivity values found in the literature, an expanded range of possible values
from 10° to 10 Q-cm will be considered.

The resistivity of the CVI1 SiC matrix may be deduced from the experimental results from Almansour
(2017). In these experiments, the ER of Hi-Nicalon™ Type S (COI Ceramics, Inc.)/CVI SiC
minicomposites were measured as a function of fiber volume fraction. The minicomposites were
manufactured by Hyper-Therm Inc. (Huntington Beach, CA). Although the minicomposites and the
standard composite were processed by different vendors, the BN fiber coating and CV1 SiC matrix were
deposited with similar processes in both composite forms. As a result, it is assumed that the CVI SiC
matrix resistivity value deduced from the minicomposite test results are representative of the CVI SiC
matrix resistivity in the standard composite.

The minicomposite may be idealized as a collection of parallel concentric cylinder assemblages
(CCASs) (Jones, 1975). Each assemblage consists of a central solid cylinder representing the fiber; a thin,
hollow cylinder representing the BN fiber coating; and a hollow cylinder representing the CVI SiC
matrix. The longitudinal resistance of a minicomposite R and of a CCA R are related by

1 &1 N
R™2R. “Re @

where N is the number of fibers in the minicomposite. Let the effective longitudinal resistivity of the
minicomposite and CCA be denoted as p and p , respectively. The relationship between the resistance
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and the resistivity for the minicomposite and the CCA may then be written as R =pL/A and
Ree =Pecl/ A . respectively. Here, A is the total cross-sectional area of a minicomposite, Acc is the cross-

sectional area of a single CCA, and L is the length of both the CCA and the minicomposite. Substituting
the expressions for the resistances into Equation (1) and noting that A = NAc, one obtains p =p. -

Furthermore, each CCA may be envisaged as three resistors in parallel: one for the fiber (f), one for
the BN fiber coating, and one for the surrounding CVI matrix. Thus, the effective longitudinal resistivity
of a minicomposite may be written as

~i_q’f L Py Pew
Pec Pt PBN  Pcvi

(2)

where @; and p; are, respectively, the volume fraction and resistivity of the three constituents within the
minicomposite.

The experimental results from Almansour (2017) are shown as solid blue circular markers in
Figure 3(a). A curve with the form of Equation (2) was fit through the experimental data obtained by
Almansour. The optimal constituent resistivity values were obtained by minimizing the residual sum of
the squares (RSS) between the experimental data and the fitted curve; namely, the optimal resistivity
values of the CVI SiC matrix and Hi-Nicalon™ Type S fiber were determined by minimizing the RSS for
each value of pgn. The optimal values for pcvi and pr are plotted versus the BN resistivity in Figure 3(b).
Note that the optimal value for the CVI1 SiC matrix does not vary with pgy; it remains constant at
47 Q-cm. The optimal value for the Hi-Nicalon™ Type S fibers is also constant, at 1.7 Q-cm, for all
pen >10 Q-cm. However, it increases to 2.4 Q-cm at a BN resistivity of 1 Q-cm. A plot of Equation (2)
using pr = 1.7 Q-cm, pcvi = 47 Q-cm, and pen = 10° Q-cm is shown as the solid red line in Figure 3(a).

£ 50 , 3.0 - -4 70 £
5 a5 e Experimental measurements (&)
c e — Equation (2) with constituent £25 | -4 60 Ci
- resistivities: g '\ 150 %
= [ pf=1.TQ-Cm % C;,ZO < @ @ o %‘
B 30 - i g 2 L 40 8
8 o5 Pcvi em Z 215 =~
= il =105 Q-cm L VT =,
2 20 PBN T 30
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o N 5 205} 110 g
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5

Fiber volume fraction, percent (b) BN resistivity, Q-cm

Figure 3.—Results of curve fit of Equation (2) to experimental results of Alimansour (2017) for Hi-Nicalon™ Type S
(COI Ceramics, Inc.)/chemical-vapor-infiltrated (CVI) SiC minicomposite. (a) Minicomposite resistivity plotted as
function of fiber volume fraction. (b) Optimal values for Hi-Nicalon™ Type S fiber and CVI SiC matrix resistivities
plotted as function of BN resistivity.
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4.0  Description of Numerical Simulations

The finite element analysis solutions used to calculate the ER are numerical solutions of the local
conservation of charge density equation. In all solutions, steady-state conditions are assumed. The steady-
state form of the conservation of charge density equation may be written in vector notation as -V - j =0,
where | is the current density vector. Using Cartesian coordinates, the components of the current density
vector are written as j, =-oc, 0V /ox, j, =—c,0V/dy,and j, =-c,0V/dz, where V is the electric

potential and oy, oy, and o; are the electric conductivity in the x-, y-, and z-directions, respectively. The
conductivity is the inverse of the resistivity; that is, c = 1/p. Thus, the steady-state form of the local
conservation of the charge density equation in Cartesian coordinates may be written as

1oV 10V 1% _ ;
Px X2 " py oy2  p, 22 )

The numerical solutions of Equation (3) are performed using the COMSOL Multiphysics® finite
element analysis program (COMSOL, 2016). Equation (3) is included and solved in the COMSOL
solution through the user-defined partial differential equation option. In all solutions, Dirichlet boundary
conditions on the electric potential are applied to the finite element model. The COMSOL solutions of
Equation (3) yield the local electric potential and local current density distributions within the solution
domain.

5.0 Analysis of Pristine (Undamaged) State

A series of three-dimensional (3D) finite element analyses were performed to calculate the effective
ER of the undamaged composite. A unit cell similar to that shown in Figure 2(b) was adopted for this
purpose. A COMSOL-generated, half-symmetry image of the unit cell used in the analysis solutions is
shown in Figure 4. The unit cell model consists of one 0° tow, two 90° half tows, and MI Si-SiC matrix
between the tows. The 0° tow was modeled as three concentric elliptic cylinders: a solid cylinder
representing all the 0° fibers (grey), a thin hollow cylinder representing the BN fiber coating (red), and a
hollow cylinder representing the CVI SiC matrix (white). The 90° half tows are blue and the Ml Si-SiC
matrix is yellow. The size of the solid cylinder and the thicknesses of the hollow cylinders were
determined from the volume fractions of the constituents listed in Table I.

The solution of Equation (3) was performed using the COMSOL Multiphysics® program (COMSOL,
2016). Boundary conditions were applied to impose a 1D current flowing parallel to the 0° tow. A
differential voltage AV was imposed on the mesh by applying unequal electric potentials on two opposing
boundaries (Surface A and Surface B in Figure 4). The finite element solution of Equation (3) yields the
electric potentials and current density throughout the unit cell. The total current flowing through the unit
cell was calculated by integrating the current density over either one of the two opposing surfaces
(Surface A or Surface B). The effective resistivity was calculated with 5 =AVh/1, where h is the height
of the unit cell and | is the total electric current. The resistivity of the Sylramic™-iBN fibers and the CVI
SiC matrix listed in Table I were used as input to the model. A wide range of resistivity values for the BN
fiber coating were used in these numerical solutions to illustrate the effect of the BN resistivity on the
solution results.
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Figure 4.—One-half-symmetry image of unit cell used in three-dimensional
analysis of undamaged state. Image generated by COMSOL (COMSOL, 2016).

AV is imposed electric potential differential.
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Figure 5.—Finite element model
used to calculate the
transverse resistivity within a
tow. L is width of finite element

model, and AV is imposed
electric potential differential.

The tows are transversely isotropic; they possess an electric resistivity in the fiber length direction
(longitudinal) that is different from the resistivity in all directions orthogonal to the fibers (transverse). In
order to obtain the transverse resistivity for the 90° half tows, 2D finite element analyses were performed
using COMSOL (COMSOL, 2016). A sketch of the finite element model used for this analysis is shown
in Figure 5. The model consists of a hexagonal arrangement of fibers. Each fiber is surrounded by a
0.5-um-thick layer of BN. The CVI SiC matrix fills the spaces between the fibers. The fiber spacing was
determined from the fiber volume fraction within a tow and the size and shape of the elliptic tows. In a
manner similar to the 3D unit cell solutions, an electric potential differential AV was imposed across the
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width of the mesh. The finite element solution of Equation (3) yields the electric potential and current
density throughout the mesh. The total current flowing across the mesh was calculated by integrating the
current density along either of the two vertical boundaries. The effective transverse resistivity is
calculated as pr = AVA/IL, where A is the area of the vertical boundary and L is the width of the finite

element mesh.

The results of the 2D finite element solutions are shown in Figure 6 and Figure 7. The effective
transverse resistivity of a tow is plotted versus the BN resistivity in Figure 6. Contour plots of the current
density within the finite element model are shown in Figure 7(a) and (b) for the solutions that used BN
resistivities of 10% and 10° Q-cm, respectively. Figure 6 reveals a sigmoidal relation between the effective
transverse resistivity and the BN resistivity. At low BN resistivity values, the effective transverse
resistivity is approximately 10 Q-cm. In this region, the current flows primarily across the fibers and fiber
coating (Figure 7(a)). The transverse resistivity approaches a maximum value of 198.5 Q-cm at BN
resistivity values above 10* Q-cm. In this region, the current flow is primarily in the CVI SiC matrix,
between the fibers (Figure 7(b)). The results shown in Figure 6 were used as the transverse resistivity of
the 90° half tows in the 3D unit cell solutions.

Numerical solutions for the current flow through the 3D unit cell model were performed with a
varying BN fiber coating resistivity and a varying M1 Si-SiC matrix resistivity. The results of the 3D unit
cell solutions are shown in Figure 8. The effective resistivity of the unit cell is plotted versus the Ml Si-
SiC matrix resistivity in Figure 8(a). These solutions used a BN resistivity of 10° Q-cm. The results
shown in Figure 8(a) reveal that the effective resistivity of the unit cell is a linear function of the M1 Si-
SiC matrix resistivity and that the unit cell resistivity equals the measured undamaged composite
resistivity (0.0275 Q-cm) when the Ml Si-SiC matrix resistivity is 0.00745 Q-cm. This provides a good
estimate of the ER of the MI Si-SiC matrix.

250

5T, Q-cm
N
o
o

150

100

w
o

Transverse resistivity,

0 1
100 102 104 108 108

BN resistivity, Pan: Q-cm

Figure 6.—Effective transverse resistivity p, within a tow as function of BN fiber

coating resistivity pgy obtained from two-dimensional finite element
simulations. Resistivity of fibers p; = 0.23 Q-cm, and resistivity of chemical-
vapor-infiltrated SiC matrix pgy, = 47 Q-cm.
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Figure 7.—Plot of current density resultant magnitude obtained in two-dimensional transverse flow analysis.
Electrical potential difference of 10 V applied across finite element model. (a) BN resistivity pgy = 102 Q-cm.

(b) pgy = 10° Q-cm.
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Figure 8.—Results of three-dimensional unit cell analysis solutions. (a) Unit cell effective resistivity versus melt-
infiltrated (MI) Si-SiC matrix resistivity p,,; pgy = 10° Q-cm. (b) Unit cell effective resistivity versus BN fiber coating

resistivity pgy; py = 0.00745 Q-cm.

In Figure 8(b), the effective resistivity of the unit cell is plotted versus the BN resistivity. The results
indicate that the unit cell effective resistivity is independent of the BN fiber coating resistivity. Keep in
mind that the M1 Si-SiC matrix and the Sylramic™-iBN fibers are the most conductive constituents,
possessing ERs of 0.00745 and 0.23 Q-cm, respectively. Thus, the electric current will flow primarily
through these two constituents in the undamaged state. Any variations in the BN resistivity that are
1 Q-cm or larger will not change the undamaged effective resistivity of the unit cell.

6.0 Analysis of Damage States

Damage initiates with the formation of matrix cracks in the tows that are aligned 90° from the loading
direction (Xia and Hutchinson, 1994). These matrix cracks are aligned perpendicular to the loading
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direction. As the applied stress is increased, the cracks propagate into the MI Si-SiC matrix and the 0°
tows. The portion of the cracks that extend into the 0° tows are bridged by the 0° tow fibers. The cracks
continue to propagate as the applied stress is increased. In addition, fracture of any of the bridging fibers
in the vicinity of the crack plane causes an increase in the crack opening displacement (COD), which
promotes further crack propagation (Budiansky and Cui, 1994). This process continues as the cracks
propagate across the width and thickness of the composite. Failure of the composite cross section occurs
when a critical number of fibers have failed.

In this section, analyses are performed to determine the effective ER of the unit cell under several
specific states of damage. Three damage types are considered. Type 1 damage is a crack or cracks in the
90° tows only. Type 2 damage is a crack or cracks in the 90° tows that also extends into the MI Si-SiC
matrix. Type 3 damage is a crack or cracks in the 90° tows that extends into the MI Si-SiC matrix as well
as the 0° tows. Thus, in Type 3 damage the cracks are bridged by the fibers only. The three damage states
are illustrated in Figure 9. In all three damage types, multiple cracks within the unit cell are possible.
Crack density variations are simulated by varying the number of cracks in the unit cell. In the damage
states illustrated in Figure 9, the cracks extend across the entire width and thickness of the unit cell. The
CODs have been exaggerated in the figures for illustrative purposes. A multi-unit cell model was utilized
to obtain the results at crack densities less than one crack per unit cell (less than 0.67 cracks/mm).
Undamaged unit cells were placed one after another to form a column and a single crack was placed in
the middle of the column.

The numerical simulations of the unit cell under the three damage states were performed in the same
manner as described in Section 5.0. The resistivity values listed in Table I were used for the Sylramic™-
iBN fibers and the CVI SiC matrix. Based on the numerical solution results for the undamaged
composite, the resistivity of the MI Si-SiC matrix was assumed to be 0.00745 Q-cm. Again, the resistivity
of the BN fiber coating was treated as a variable. To illustrate the effect of each damage state, the results
are quantified using the resistivity ratio. The resistivity ratio is the ratio of the effective resistivity in a
specific damage state to the initial (undamaged) effective resistivity.

Figure 10 is a summary of the unit cell analysis results for a variety of idealized damage states. The
resistivity ratio is plotted versus crack density for each of the three damage types. All results shown in
Figure 10 are from solutions that used a BN resistivity of 10° Q-cm and a COD of 1 um. Note that Type 1
damage has an insignificant effect on the composite ER. For this damage type, the resistivity ratio
remains close to unity even at a large crack density. In contrast, Type 2 and Type 3 damage have a very
significant effect on the ER.

(b)

Figure 9.—One-half-symmetry unit cell models illustrating various damage states; images generated by COMSOL
(COMSOL, 2016). (a) Type 1: Cracking of 90° tows only. (b) Type 2: Cracking of 90° tows and MI Si-SiC matrix.
(c) Type 3: All constituents cracked except 0° fibers.
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Figure 10.—Numerical solution results of resistivity ratio versus crack density for
the three damage types. Results obtained with resistivity of BN fiber coating
pgn = 10° Q-cm and crack opening displacement of 1 um.

The only difference between the Type 1 and Type 2 damage states is that Type 2 damage includes
cracking in the M1 Si-SiC matrix. The large differences between the Type 1 and Type 2 resistivity ratios
highlight the significance of MI Si-SiC matrix cracking. Indeed, the unit cell resistivity is particularly
sensitive to MI Si-SiC matrix cracking. This should not be surprising, as one would expect that cracking
of the most conductive constituent would have the most significant effect on the composite resistivity.

In the Type 2 and Type 3 damage states, the resistivity ratio increases with crack density. For Type 3
damage, the resistivity ratio rises rapidly at a very low crack density. In Type 2 damage, electrons in the
MI Si-SiC matrix must travel into the CVI SiC matrix in order to traverse a matrix crack. In the Type 3
damage, electrons in the M1 Si-SiC matrix must travel across the CVI SiC matrix and BN fiber coating
and into the fiber in order to traverse a matrix crack. Thus, every matrix crack presents a constriction to
the current flow. The more cracks there are, the higher the resistance.

Note that the highest resistivity ratio shown in Figure 10 is approximately 46.5. This is the upper limit
on the resistivity ratio for this set of constituent resistivity values and microstructure geometry. The upper
limit is reached when the current flow constrictions caused by matrix cracking is so severe that current
will only flow within the bridging fibers. For the Type 3 cracking damage results shown in Figure 10, the
upper limit is reached at a crack density of less than one crack per mm (one crack per unit cell). This is
the result of the high resistivity of the CVI SiC matrix and the high value used for the BN fiber coating in
these analysis solutions (10° Q-cm). Given this set of constituent resistivity values, the electrons will
effectively only flow within the fibers even though there is only one crack within the unit cell.
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Figure 11.—Numerical solution results of resistivity ratio versus crack density
for Type 3 damage showing effect of BN resistivity pgy. Results obtained at

crack opening displacement of 1 um.

Figure 11 illustrates the effect of the BN resistivity on the unit cell effective resistivity for the Type 3
damage states. The resistivity ratio is plotted versus crack density for a variety of BN resistivity values. In
all cases, the resistivity ratio increases with crack density and approaches the upper limit at high crack
densities. The value of the BN resistivity determines the rate of increase and the value of the crack density
at which the upper limit is reached. For reasons previously discussed, a higher BN resistivity yields a
higher rate of increase. Thus, at any given crack density, the resistivity ratio increases with the BN
resistivity. This effect is only significant at low crack densities, as all the curves tend to converge at
higher crack densities. All results obtained using BN resistivity values greater than 10° Q-cm are nearly
identical to the results obtained using a value of 10° Q-cm.

In all preceding analysis solutions, the COD was fixed at 1 um. The COD is a function of several
variables. Notably, it is an increasing function of the applied tensile stress magnitude (Marshall, Cox, and
Evans, 1985). The effect of the COD on the effective resistivity can be easily determined using the finite
element model. In Figure 12, the unit cell resistivity ratio is plotted versus the COD for various BN
resistivity values. Figure 12(a) and (b) show the results for a crack density of 2.01 cracks/mm (3 cracks
per unit cell) and 3.35 cracks/mm (5 cracks per unit cell), respectively. Note that for all BN resistivity
values and for both crack densities, the resistivity ratio is independent of the COD.

Another cracking feature that may contribute to an increase in the composite resistivity is debonding
between the fibers and the matrix. It has been well chronicled by many previous authors (e.g., see
Aveston, Cooper, and Kelly, 1971; Marshall, Cox, and Evans, 1985; and Thouless and Evans, 1988) that
matrix cracks that are bridged by fibers are accompanied by debonding between the fibers and the matrix.
The debond extends from the matrix crack planes along a certain length in the fiber direction. In
composites with a fiber coating, the debonding occurs either between the fibers and the fiber coating or
between the fiber coating and the matrix. In addition, these interfaces may become worn during cyclic
loading, which may reduce the amount of contact between the constituents. The ability of the electrons in
the CVI or MI Si-SiC matrix to traverse the matrix cracks depends on their ability to travel across the BN
fiber coating and into the fibers. Debonding and interfacial wear in the vicinity of the matrix cracks may
cause an overall reduction in the rate of current flow through the cracked microstructure.
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Figure 12.—Numerical solution results for resistivity ratio versus crack opening displacement for Type 3 damage and
various BN resistivity pgy values. (a) 2.01 cracks/mm. (b) 3.35 cracks/mm.

One way to numerically simulate the effect of a debond and interfacial wear between the fibers and
the BN coating or between the BN coating and the CVI SiC matrix is to increase the BN resistivity value
along a length equal to the debond length on both sides of the matrix crack. A simpler approach to capture
this effect would be to increase the BN resistivity along the entire length of the 0° tows within the unit
cell. The results of this approach have already been presented in Figure 11. In view of the results shown
in Figure 11, it appears that the effect of debonding on the composite resistivity depends upon the crack
density and the value of the pristine (or undebonded) BN resistivity. For example, if the resistivity of the
pristine BN is less than 10% Q-cm, then increasing the resistivity by 2 or 3 orders of magnitude can cause
a significant increase in the composite resistivity, particularly at low crack densities. However, if the
pristine BN resistivity is 10* Q-cm or more, then any increase in the BN resistivity will not result in a
significant increase in the composite resistivity. In order to quantify the increase in the composite
resistivity due to fiber/matrix debonding and interfacial wear, it is necessary to obtain the intrinsic
resistivity of the pristine BN fiber coating.

Smith (2016) measured the resistivity as a function of stress in the gage section of composite tensile
specimens. The tensile specimens were cut from panels of the same composite material described in
Section 2.0 of this report. Smith also measured the crack density as a function of stress using a similar set
of specimens. The crack density was measured through microscopic images by counting the number of
cracks that intersect a tow. An average crack density was obtained by taking the average number of
intersections over multiple tows within the image. Combining the two sets of data, the composite
resistivity (and resistivity ratio) can be obtained as a function of the crack density. These results are
plotted as the green circular markers in Figure 13(a). Notice that the maximum measured resistivity ratio
is approximately 10 and it occurs at an average crack density of approximately 12 cracks/mm.

Cracks that develop in the gage section of the tensile specimen are of two varieties: (1) cracks that
extend across the entire width and depth of the gage section (fully extended) and (2) cracks that extend
across only a fraction of the width and/or depth (partially extended). The numerical analyses of all damage
states discussed thus far in this report involve a unit cell with cracks extending across its entire depth and
width. Since the unit cell is a representative volume of the composite, the results shown in Figure 10
through Figure 12 are representative of the effects of fully extended cracks. The numerical results for the
fully extended cracks with a Type 3 damage state, which were shown previously in Figure 10, are also
plotted in Figure 13(a). These results are plotted as the solid blue line in Figure 13(a). Notice that, at all
crack densities, the predicted resistivity ratios obtained previously for the Type 3 damage states with fully
extended cracks are much higher than the resistivity ratios obtained in Smith’s experiments.
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Figure 13.—Numerical results for Type 3 damage, illustrating the effect of extent of cracking. (a) Resistivity ratio
plotted versus crack density. Numerical results obtained using BN resistivity pgy = 10° Q-cm and crack opening

displacement of 1 um. Experimental results are from Smith (2016). (b) Unit cell showing partially extended cracks.

A rigorous analysis of partially extended cracks within the gage section would require a macroscale
analysis of the gage section with discrete partially extended cracks. The model would contain several
unit cells. Since cracking is a random process, the cracks should be arranged with a random number
generator, and the simulations should be performed over a large number of crack arrangements, consistent
with the Monte Carlo method. Such analyses are beyond the scope of the current study. Alternatively, one
may observe the approximate effects of the partially extended cracks through the analysis of a unit cell
with partially extended cracks. An arrangement of partially extended cracks in the unit cell is shown in
Figure 13(b). The numerical results for this arrangement are also shown in Figure 13(a). The results for
cracks that extend across 95 and 99 percent of the unit cell width are plotted as the red and gold lines,
respectively. These results are much closer to the measured results from Smith (2016). The arrangement
of partially extended cracks provides a continuous path of uncracked MI Si-SiC matrix and, as a result, a
much lower resistivity than the fully cracked case.

Of course, the crack arrangement shown in Figure 13(b) is contrived. Since crack formation is a
random process, the crack arrangement should be more irregular than that shown in the figure. However,
the results shown in Figure 13(a) indicate that up to the point of specimen failure, there are far more
partially extended cracks in the gage section than fully extended cracks. If this were not the case, the
measured resistivity would be much higher. This conclusion holds true regardless of the BN resistivity
value. Indeed, the results shown in Figure 11 reveal that even at a BN resistivity as low as 1 Q-cm, the
fully extended crack density must be 0.335 cracks/mm or less in order for the composite resistivity ratio
to remain <10. A crack density of 0.335 cracks/mm is equivalent to approximately 10 cracks within the
gage length. If the BN resistivity is higher, the crack density must be even less for the composite
resistivity ratio to remain <10.

7.0 Summary and Conclusions

Finite element analyses were performed to simulate the electric current flow through a Sylramic™-iBN
(COI Ceramics, Inc.) fiber-reinforced melt-infiltrated (MI) silicon carbide (SiC) composite microstructure in
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a variety of damage states. A unit cell was adopted to serve as a representative volume of the composite’s
periodic microstructure. The finite element analysis of the unit cell provided an estimate of the value of the
intertow matrix resistivity, which was previously unknown, and insight into the significance of certain
cracking features on the composite electrical resistivity (ER). The value of the boron nitride (BN) fiber
coating resistivity is also unknown. The numerical solutions were performed for a range of BN resistivity
values to investigate the significance of this parameter on the solution results.

Specifically, analysis of the unit cell in the undamaged state and in various damage states revealed that

1. The MI Si-SiC matrix resistivity is approximately 0.00745 Q-cm. This estimate was obtained by
comparing the analysis results for the undamaged unit cell to the undamaged composite ER
measurements.

2. Cracking of the chemical-vapor-infiltrated SiC matrix in the 90° tows has little to no effect on the
composite ER, even at high crack densities.

3. Cracking of the MI Si-SiC matrix has the most profound effect on the composite ER. In this damage
state, the resistivity is an increasing function of the crack density.

4. The value of the BN resistivity has very little effect on the undamaged composite resistivity;
however, it may influence how the composite ER is affected by certain cracking features.

5. The effect of the crack opening displacement is insignificant.

6. Local fiber/matrix interface debonding at a matrix crack plane may result in a composite ER increase
at low crack densities, if the BN resistivity is equal to or less than 102 Q-cm. Otherwise, the effect of
fiber/matrix debonding is insignificant.

The second finding above suggests that cracking in the 90° tows cannot be detected with an ER
measurement. The third finding is not surprising, given that the M1 Si-SiC matrix is the most conductive
of all the constituents and that it occupies a significant percentage of the total volume. The sixth finding
underscores the importance of determining the ER of the BN fiber coating. Future studies should include
the development of a method to measure or deduce the in situ value of the pristine BN fiber coating
resistivity.
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